ABSTRACT: The syntheses of cationic nickel complexes using N,N′-dimethyl piperazine 2,3-dithione (Me 2 Dt 0 ) and N,N′-diisopropyl piperazine 2,3-dithione ( , behaves more like a traditional class II/III metal based mixed-valence complex. The density functional theory (DFT) and time dependent DFT calculations provide a theoretical framework for understanding the electronic structures and the nature of excited states of the target compounds that are consistent with their spectroscopic and redox properties. Vibrational spectra of [1a] 2+ and [2a] 2+ were investigated as discrete species in the gas phase using infrared multiple photon dissociation (IRMPD) spectroscopy.
, behaves more like a traditional class II/III metal based mixed-valence complex. The density functional theory (DFT) and time dependent DFT calculations provide a theoretical framework for understanding the electronic structures and the nature of excited states of the target compounds that are consistent with their spectroscopic and redox properties. Vibrational spectra of [1a] 2+ and [2a] 2+ were investigated as discrete species in the gas phase using infrared multiple photon dissociation (IRMPD) spectroscopy.
■ INTRODUCTION
The ene-dithiolate (or dithiolene) complexes of nickel have garnered much attention since the initial reports due to their intrinsic electronic structures that lead to extraordinary physicochemical properties. 1−3 Photophysical properties such as intense low energy charge transfer transitions led to their use as dyes 4, 5 and in Q-switches. 6 In addition, these complexes exhibit high thermal and photochemical stability 7 and metallic conductivity. 8 A hallmark of the system is the efficient electronic delocalization that extends to the ligand backbone. Their ability to stabilize multiple redox states is an intriguing feature. These properties have been used in developing liquid crystalline materials with nonlinear optical properties. 4,5,9−17 In general the Ni(II)−dithiolene d 8 complexes are planar with S− Ni−S angles nearly 90°. 4 This geometric feature has been exploited in designing planar nanosheet materials reminiscent of graphene. 18 The dithiolene complexes of nickel have been used in purification of olefins, 5, 19, 20 and in developing magnetic materials 21, 22 and sensors. 23, 24 Spectroscopic and computational studies have consistently pointed out a high degree of covalency in Ni−S bonds leading to a large sulfur contribution to the highest occupied molecular orbital (HOMO). This feature also suggests that oxidation of such a center would remove electron(s) from a primarily ligand based orbital, and is consistent with the redox noninnocence nature of the dithiolene ligands. 25−27 Ligand based oxidation by one electron leads to a semioxidized (radical) ligand while oxidation by two electrons leads to a fully oxidized neutral dithione ligand. Square planar complexes of group 10 metal ions such as Ni(II), Pd(II), and Pt(II) of neutral dithione ligands have been reported. 9, 28, 29 For some time, we have been interested in understanding the fundamental aspects of the metal−ligand redox interplay in transition metal dithiolene complexes (Chart 1) using both reduced 30 and oxidized ligands. 31−33 In contrast, a majority of the studies in exploring the redox noninnocence in metal− dithiolene systems have focused on the reduced state of the ligand. 1−3 It has been reported that oxidation removes electrons from the reduced ligands, demonstrating the noninnocent nature of the ligands. 34−38 In our initial work with a fully oxidized dithiolene, i.e., dithione ligand, we observed a negative solvatochromism in a molybdenum(0) dithione complex. 33 The same dithione ligand was used in stabilizing oxo−Mo(IV) centers, and one of these complexes exhibited unique reactivity resulting in a multinuclear complex with strong metal−metal interaction. 31 More recently, we have described the ground state electronic structure of the dithione ligand as an admixture of dizwitterionic and fully oxidized forms. 32 Herein we describe syntheses, characterization, and spectroscopic and redox properties of bis(dithione)Ni(II) complexes that exhibit clean one-electron redox couples, and lower energy charge transfer transitions. Density functional calculations show that the highest occupied orbitals are predominantly metal centered while the lowest unoccupied orbitals are ligand based. This electronic description is consistent with the metal to ligand charge transfer transition observed at a lower energy as well as ligand centered redox couples. Through spectroelectrochemistry we also observed mixed valence complexes where the two dithione ligands are at different redox states.
In addition to characterizing the complexes in solid and solution phase, we have also investigated the vibrational structures in the gas phase, providing information about the intrinsic features in the absence of any condensed phase effect, which are more reliably compared to results from high-level quantum-chemical calculations. Recently, we reported gas phase vibrational structure in an oxo−molybdenum dithiolene complex, using wavelength selective infrared multiple photon dissociation (IRMPD) spectroscopy. 39 In this approach infrared spectra of gas phase species are collected via mass selection through tandem mass spectrometry in combination with a tunable mid-IR free electron laser (FEL). In IRMPD spectroscopy, absorption occurs when the FEL photon frequency matches that of a vibrational transition. Absorption of multiple photons raises the vibrational energy of the trapped ion to the dissociation threshold, and an IR action spectrum is generated by measuring the fragmentation induced by this process as a function of photon frequency. Vibrational mode assignment and structural determination are made with the assistance of vibrational frequencies predicted by density functional theory (DFT) or related computational methods.
■ EXPERIMENTAL SECTION
Syntheses of the nickel complexes were carried out under a dry argon or dinitrogen atmosphere using standard Schlenk techniques. The ligands, N,N′-dimethyl piperazine 2,3-dithione (Me 2 Dt 0 ) and N,N′-diisopropyl piperazine 2,3-dithione ( i Pr 2 Dt 0 ), were synthesized in air according to literature procedures. 40 Solvents were purchased from either Aldrich or ACROS Organics and purified by distillation as follows: acetonitrile from CaH 2 and P 2 O 5 ; CH 2 Cl 2 and CHCl 3 from CaH 2 ; diethyl ether and toluene from sodium benzophenone; anhydrous methanol was obtained by drying over activated Mg. NiCl 2 ·6H 2 O was purchased from Aldrich and used as received.
Mass spectra were collected in both negative and positive ion mode on a Waters Micromass ZMD quadrupole mass spectrometer equipped with an electrospray ionization (ESI) source, using acetonitrile as the spray solvent. Capillary voltage was kept at 3.5 kV. Dry nitrogen was used as the drying gas. Source temperature and the dissolving temperature were set at 100 and 150°C respectively (spray rate, 150 μL/min). Additional ESI and tandem mass spectrometry experiments were conducted using a ThermoScientific (San Jose, CA) LTQ-XL LIT mass spectrometer equipped with an Ion Max ESI source. For the ESI experiments, stock solutions (0.1 mM) of the Ni-dithione samples were prepared in acetonitrile. The solution was infused into the ESI-MS instrument using the incorporated syringe pump at a flow rate of 10−15 μL/min. The atmospheric pressure ionization stack settings for the LTQ (lens voltages, quadrupole and octopole voltage offsets, etc.) were optimized for maximum transmission of the doubly charged ions to the ion trap mass analyzer by using the autotune routine within the LTQ Tune program. Helium was used as the bath/buffer gas to improve trapping efficiency and as the collision gas for CID experiments.
For CID, precursor ions were isolated using an isolation width of 1.0 to 2.5 mass-to-charge (m/z) units. The exact value was determined empirically to provide maximum isolated ion intensity while ensuring isolation of a single isotopic peak. The normalized collision energy (NCE, as defined by ThermoScientific) was set between 5 and 18%, which corresponds to the application of roughly 0.55−0.68 V tickle voltage to the end-cap electrodes with the current instrument calibration. The activation Q, which defines the frequency of the applied rf potential, was set at 0.30. In all cases, the activation time employed was 30 ms. Spectra displayed represent the accumulation and averaging of at least 30 isolation, dissociation, and ejection/ detection steps.
UV−visible spectra were recorded on a modified temperaturecontrolled Cary 14 spectrophotometer. Spectroelectrochemical data were collected on a JASCO-720 spectrophotometer at room temperature, and the experiments were conducted using a CHI-620C electrochemical analyzer using a custommade 1 mm cell, and a Pt mesh-working electrode. Measurements were conducted in 0. 30 X-ray Structure Determination. Suitable single crystals were coated with Paratone and mounted on a glass fiber, and the data were collected using a Bruker SMART Apex II diffractometer with a graphite monochromator for Mo Kα radiation (0.71073 Å). The absorption correction was performed using SADABS routine. 41, 42 The structure solution and the refinement were done using SHELXS-97 and SHEXLX-97 programs. 42 Data were collected at 296 K, and crystallographic data are listed in . Instrument operating parameters, such as desolvation temperature, cone voltage, and ion accumulation and transfer optics voltages, were optimized to maximize the intensity of either the bis or the tris(dithione)Ni(II) complexes in the ICR cell. Mass isolation of a single species was achieved using stored waveform inverse Fourier transform (SWIFT) techniques prior to irradiation by the FEL.
Infrared Multiple Photon Dissociation (IRMPD). Infrared spectra were recorded by measuring the photodissociation yield as a function of photon frequency. Precursor anions were irradiated for 2.5 s using 12 FELIX macropulses (35−50 mJ per macropulse, 5 μs pulse duration, fwhm bandwidth ∼0.5% of central λ). In the IRMPD process, a photon is absorbed when the laser frequency matches that of an IR active vibrational mode of the gas phase ion and its energy is subsequently distributed over all vibrational modes by intramolecular vibrational redistribution (IVR). The IVR process allows the energy of each photon to be dissipated before the ion absorbs another, which leads to promotion of the ion's internal energy toward the dissociation threshold via multiple photon absorption. 50 It is important to note that infrared spectra obtained using IRMPD are usually comparable to those collected using linear absorption techniques. 49, 51 For these experiments, the FEL wavelength was tuned between 900 and 1800 cm −1 (5.5 and 11 μm) in 6 cm −1 increments. The intensities of product and undissociated precursor ions were obtained from an averaged mass spectrum measured using the excite/detect sequence of the FT-ICR-MS after each IRMPD step. The IRMPD yield was normalized to the total ion current and linearly normalized for variations in the laser intensity.
Computational Details. All DFT calculations were performed using Gaussian 09. 52 Molecular orbital contributions were compiled from single point calculations using the VMOdes program. 53 In order to investigate the nature of the excited states in bis and tris(dithione)-Ni(II) complexes, pure GGA BP86, 54, 55 hybrid (10% of Hartree−Fock exchange) TPSSh, 56 and hybrid (20% of Hartree−Fock exchange) B3LYP 57 were used. It has been reported that in these complexes the energies of excited states have strong dependency on the amount of Hartree−Fock exchange present in exchange-correlation functional. 58 It was found ( Figure S4 ) that B3LYP exchange-correlation functional provides the best agreement between theory and experiment, and thus, only data on these calculations are discussed below. 30 Wachter's fullelectron basis set was used for nickel, 59 while for all other atoms 6-311G(d) basis set 60 , the highest point group (taking into consideration the nonplanar nature of the dithione ligand) was found to be C 2h , while in the case of [2a] 2+ , the molecular point group was found to be close, but not exactly at D 3 symmetry. In both cases, no imaginary frequencies were found after complete optimizations thus ensuring the potential energy minima. In order to cover its experimental UV− 2+ was performed at the B3LYP/3-21G* level of theory using geometries in which dithione ligands were randomly arranged around the Ni
2+
. Several minima were identified after the initial calculations, which differed only in the orientation of the isopropyl group with respect to the ring. The lowest energy structure was subjected to full optimization using the same functional and the 6-311+G(d) basis set on atoms. Vibrational frequencies for comparison to IRMPD spectra, calculated at the same level of theory, were scaled by factors of 0.97 and 0.95 (chosen empirically) for the bis and tris(dithione)Ni(II) complexes, respectively, to facilitate peak assignment.
Synthetic Details. 6 ] 2 was dissolved in 20 mL of methanol, and in another 20 mL vial, 0.05 g of the same compound was dissolved in methanol and was layered with acetone. The two solutions were left standing, in air, for 2 days, after which a green precipitate formed. The precipitate was filtered and dried in vacuum. A total of 0.025 g of product was collected (4% yield). Anal. Calcd (experimental) for C 30 Table 2 , whereas the molecular structures are shown 78 Such a dithiolate based π delocalized description is characteristic of metal(II) (dithiolene) 2 complexes. In all the complexes studied here, no transition was observed in the near-infrared region. The PF 6 , exhibits two well-defined redox couples that can be attributed to oxidation and reduction of the dianion by removing or adding an electron to a highly delocalized molecular orbital. 30 In 4 ] 2 exhibit four well-defined reversible single-electron reduction couples. No oxidative couple was observed within the electrochemical window of acetonitrile, i.e., ∼1.5 V under the experimental conditions. The cyclic voltammograms of the two complexes are shown in Figure 4 , and the redox potentials are listed in Table 3 .
We attribute these reduction couples to ligand-centered processes (Scheme 1). We note that the complexes were synthesized from Ni(II) salt. If the metal center was oxidized to the Ni(III) state, it would be less stable with neutral ligands coordinating the metal center. In that case, the metal center would be paramagnetic with d 7 configuration resulting in paramagnetically shifted chemical shifts in the NMR spectra, which were not observed. The DFT calculations, discussed later, suggest that the unoccupied frontier orbitals are ligand centered in nature. The electrochemical behavior indicates that both ligands are in the fully oxidized state and is consistent with the spectroscopic signatures. The electrochemistry also indicates that the ligands can be reduced reversibly at least under the cyclic voltammetric conditions, by one electron at a time (Scheme 1).
A pertinent question is how to assign these redox potentials to two redox active ligands. There are two major factors that influence redox potential of a redox active center. The first of the two is the inherent energy of the redox orbital that can be influenced by geometry as well as by the electron donating/ withdrawing power of substituents attached to the molecular framework. 81 The second factor can be viewed as a perturbation that arises from the solvation of the redox center as well as specific ion-pairing. 82 The solvation components are important in the event that the redox center in the molecule is affected differently from other parts of the molecules such as in a dendrimer encapsulated redox center. 82−88 However, in the present case the solvation component is expected to be less significant in dictating the difference in the redox potentials. In order to understand the charge stabilization through ion pairing, redox potentials of 4 ] 2 is more difficult to reduce. At the first approximation, this difference can be attributed to a higher electron donating ability of the isopropyl groups as compared to that of the methyl groups present in the ) ≈ 69 mV (where superscripts 1−4 represent the four redox couples, see Figure 4 ). We infer that the addition of the third electron occurs at the ligand that has already been reduced once by one electron, which suggests that the two ligands are reduced sequentially one electron at a time, unlike one ligand being reduced fully and then the reduction of the other ligand occurs. This is also consistent with the difference in redox potentials when the same ligand is reduced, i.e., ligand 1(
) ≈ 82 mV. This aspect is summarized in Scheme 1.
Interactions between two or more redox active metal centers connected by a spacer ligand are of great interest in the context of mixed valency in molecular wires and switches.
89−94 A conceptual framework can be seen in the classic example of the Creutz−Taube ion where the two redox active metal (Ru) centers are connected by a pyrazine ligand. 95 Mixed valency in transition metal complexes, however, is more broadly defined in terms of Robin−Day classification. 96 Accordingly, three different classes of mixed valency are described: class I complexes are considered to be valence trapped, whereas class III complexes dsiplay extensive electronic delocalization between the two metal centers such that they are spectroscopically indistinguishable. Class II complexes are between classes I and III, where there is localization of valence states with a low energy barrier. Intervalence charge transfer transition is observed in such complexes. As mentioned before, in the reduced dithiolene complexes of nickel, we 30 and others 76,97−100 have demonstrated that the frontier orbitals are dominated by sulfur character. As expected, upon addition of electrons, the ligands are reduced in the oxidized dithione complexes described here, and the metal center can be viewed as a scaffold holding the two redox active ligands even though the metal orbitals contribute to the redox orbitals. Therefore, the present case can be viewed as "role reversal" of the dinuclear mixed valence metal complex. Under this premise one can write comproportionation reactions, eqs 1 and 2, involving mixed redox states of the ligand. The comproportionation constant (K c ) 101 in each case can be calculated from the redox potentials following eq 3.
The K c values of for both processes, i.e., (K c ) 1 for eq 1 and (K c ) 2 for eq 2, respectively, are tabulated in Table 4 . The large values of the K c indicate that electron localized mixed-valence 6 ] in acetonitrile and deuterated acetonitrile are very similar: a decrease of intensities of the bands at 542 and 610 nm as well as appearance of two new intense bands at 732 and 364 nm ( Figure 5 ). In agreement with the electrochemical data, the increase of the weak band at ∼1940 nm could be tentatively assigned to the intervalence charge transfer (IVCT) band and is consistent with the mixed-valence nature of the [1a] + complex. 106, 107 We also used band deconvolution analysis ( Figure S6 ) to estimate an upper limit of the matrix coupling element H ab in [1a]
+ complex. Since an actual magnitude of the transition dipole moment for IVCT band is unknown, we used the shortest S−S interligand distance for such estimation and found that H ab is ∼350 cm 
IRMPD of [1a]
2+ and [2a] 2+ . The IRMPD spectra generated from the discrete, gas phase [1a] 2+ and [2a] 2+ ions are shown, compared to predicted spectra based on DFT calculations, in Figure 6 . Optimized structures are shown in Figure 7 . Based on vibrational frequencies predicted by DFT, we are able to assign the IRMPD peaks to vibrational modes for both species.
The prominent peak at 1506 cm −1 , in the region expected for imine −CN− stretching, is assigned to symmetric stretching (with respect to the given dithione ligand) of the ring CN bond (Table 5) . A minor absorption corresponding to the asymmetric −CN− stretching mode is predicted to appear at 1520 cm −1 . This peak is not resolved in the IRMPD spectrum, but may contribute to the shoulder to the high-frequency side of the absorption centered at 1506 cm
. The presence of C N stretching suggests that in the gas phase the ligand exists, at least partially, in the dithiolato tautomeric form which is similar to the dizwitterionic character observed in the case of an oxo− molybdenum complex. 32 The absorption at 1454 cm −1 is assigned to a group of coupled −CH 3 scissor modes for the methyl groups of the isopropyl substituent of the i Pr 2 Dt 0 ligand. DFT predicts 6 absorptions in this region, all of which involve the scissoring mode. However, in the IRMPD spectrum the peaks are not resolved. The absorption at 1355 cm −1 is assigned to stretching of the CN bond coupled to rocking of the ring −CH 2 − groups. The shoulder to the high-frequency side of the absorption appears to consist of two unresolved vibrations. One, predicted to appear at 1372 cm −1 , is the C−H bending mode of the isopropyl group. The other, predicted to appear at 1374 cm −1 , is a mode that involves the C−H bend and 
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Article symmetric bending (umbrella mode) of the methyl groups of the isopropyl group. Absorptions in the IRMPD spectra at 1239 and 1266 cm −1 are primarily assigned to other ring vibrations. The former is an N−C−C bending mode coupled to the ring −CH 2 −CH 2 − rock. The latter instead corresponds to the symmetric −CH 2 −CH 2 − rock. A third absorption involving primarily ring vibrations appears at 1165 cm −1 and is assigned to coupled C−CN bending modes. The peak at 1224 cm −1 is assigned to the C−C stretch of the dithione group coupled to C−N−C( i Pr) bending motion. A second absorption featuring motion of the dithione C−C bond appears at 1100 cm −1 . This vibration also involves general "breathing" vibrations of the ring and isopropyl groups.
For Ni( 
Article of the isopropyl group (former), and the wag coupled to bending of the ring CH 2 groups and CN stretching. The absorptions at 1246 and 1271 cm −1 are assigned to rocking motion of the ring CH 2 groups, while the peak at 1177 cm , i.e., two singlet and one triplet structure (Figure 7) , have similar theoretical spectra. Coupled with the theoretical spectra, the resolution of the gas phase spectrum does not allow us to unambiguously assign the gas phase structures using IRMPD. However, DFT does predict the triplet structure to be lowest in energy consistent with the findings of more detailed electronic structure.
Electronic . The molecular orbital energy diagram and representative shapes of frontier molecular orbitals predicted using the B3LYP exchange-correlation functional and Wachter's full-electron basis set for nickel and 6-311G(d) basis set for all other atoms are shown in Figures 8−11 . The molecular orbital compositions are listed in Table 6 . 2+ is delocalized over two ligands with sulfur atom contribution of ∼19%, which is similar to the bis(dithiolene)Ni(II) complexes. 108 The nickel d x 2 −y 2 orbital contributes to LUMO+1 and LUMO+2, ∼7% and ∼24%, respectively. Overall, the DFT-predicted electronic structure of [1a] 2+ supports ligand-centered reduction and is in agreement with experimental electrochemical data. It also suggests that metal-to-ligand charge transfer (MLCT) bands should dominate the low-energy region of the UV−vis spectrum in [1a] 2+ , while intraligand (IL) and predominantly nickelcentered d−d transitions appear at significantly higher energies. To test this assignment we have conducted TDDFT calculations on [1a] 2+ . TDDFT calculations allow correlating d−d, CT, and IL types of excited states with experimental UV− vis spectra of transition-metal compounds including those with thiolate or thione type ligands. 33, 82, 109 In agreement with the electronic structure calculations on complex [1a] 2+ , TDDFT predicts two major absorption regions in its UV−vis spectrum ( Figure 12 ). The low energy region comprises 11 excited states and is dominated by MLCT character. Indeed, the 400−1000 nm region is dominated by the excited state 6, which corresponds to excitation from HOMO−1, with a large contribution from Ni d yz AO, to LUMO (∼100% ligand). The energy and intensity of the transition to this excited state correlate well with the experimentally observed band at ∼540 nm ( Figure 10 ). In addition, MLCT excited states 1−3 originating from predominantly nickel-centered HOMO − HOMO−2 to LUMO and LUMO+1 are predicted in this region. Although the TDDFT predicted intensities are very low (Supporting Information), they can borrow intensity from the second CT band, and thus be responsible for the first, low 2+ , DFT predicted electronic structure of [2a] 2+ suggested that the first reduction should be ligandcentered; while the first oxidation should occur at the nickel center, which was not observed under experimental conditions. 
